Introduction
Yttria-stabilized zirconia (YSZ) is the most commonly used material for solid oxide fuel cell (SOFC) electrolytes [1] as it is an adequate ionic conductor, has a low electronic conductivity, and is relatively cheap to process compared to other electrolyte materials. The ionic conductivity in the stabilized zirconia system is due to the mobility of O 2-vacancies created when substituting Zr 4+ by Y 3+ in the cationic network. However, the ionic conductivity of state-of-the-art YSZ based electrolytes is only sufficient at elevated temperatures (800-1000 °C) which results in increased reactivity of cell core components, drastically limited lifetimes and requires the use of expensive interconnect materials [2] . Therefore, the reduction of the operation temperature to an intermediate temperature range (500-750 °C) is a key objective in SOFC research. Among the possible routes to achieving lower operation temperatures, reduction of the electrolyte thickness in order to reduce the overall resistance is promising [3, 4] .
YSZ electrolytes are typically fabricated by screen printing or spraying techniques followed by subsequent sintering [5] which are ideal for low-cost fabrication with high throughput. However, these methods are not suitable for producing dense and thin (a few µm in thickness) YSZ electrolytes. The latter can be achieved by synthesizing YSZ thin films employing a variety of chemical and physical methods [6] such as pulsed laser ablation (PLD) [7, 8] chemical vapor deposition (CVD) [9] , atomic layer deposition (ALD) [10] , spin coating [11] and magnetron sputtering [12, 13, 14, 15, 16, 17 ]. An issue often encountered when depositing YSZ thin films by physical vapor deposition techniques (PVD) (e.g., magnetron sputtering) at relatively low synthesis temperatures is the formation of underdense and columnar microstructures. Such microstructures are unfavorable as they may result in internal leakage in the cell leading to decreased open cell potential. Therefore, an undesirable extra manufacturing step in the form of post-deposition annealing is often required to eliminate pores in such films [6] . Reports on cell
tests performed on SOFCs containing magnetron sputtered electrolytes with a columnar structure have shown an electrochemical performance comparable to or worse than cells containing tape cast electrolytes and not a significant improvement as would be expected from the reduced electrolyte thickness [18, 19] . This lack of performance is related to leaks in the electrolyte due to the columnar morphology. In contrast, Nédélec et al. have deposited electrolytes without visible continuous columnar structure and has achieved significant improved electrochemical performance at low temperatures [20] .
High power impulse magnetron sputtering (HiPIMS) is a PVD-based technique for thin film deposition. Inherent to this technique is a relatively large fraction of ionization of the sputtered material with energies up to several 10s of eV that have been shown to provide added means for controlling the microstructural evolution during film growth [21] . The latter has been, for instance, shown to favor the growth of dense films at relatively low growth temperatures and to suppress columnar microstructure giving rise to globular film morphology [22] . This is what is desired in the fabrication of thin film electrolytes for SOFC. Therefore, the goal of the present study is to explore the potential of HiPIMS for the synthesis of dense YSZ films and to establish the effect of the HiPIMS on the film morphology. Films are also synthesized by pulsed direct current magnetron sputtering (DCMS), for reference. As previous studies have shown that the substrate bias is a crucial parameter in order to obtain dense films suitable for SOFC application [20] , the bias voltage has been varied between depositions. Coatings are deposited on both Si and NiO-YSZ anodes for SOFC applications and the morphological and structural features of the films are investigated.
Experimental details
Experiments were performed using a 50 mm diameter, 3 mm thick Zr/Y (82:18 wt%) target (purity 99.9%, excluding Hf) equipped in a circular magnetron source placed in a cylindrical stainless steel vacuum chamber. Prior to depositions, the chamber was evacuated by a turbo molecular pump to a background pressure in the order 10 -4 Pa. Ar gas (purity 99.9997%) was used as the sputtering gas while O 2 gas (purity 99.9995%) was used as the reactive gas. Ar and O 2 gas flows were controlled by electronic mass flow controllers while the total process pressure was controlled by a gate valve. A constant Ar partial pressure of 660 mPa was used while the O 2 partial pressure was ~40 mPa. Before depositions, characterization of the reactive process was performed by measuring the variations of the target voltage as a function of O 2 partial pressure.
The change in discharge voltage was highly dependent on the target race track depth. Even though pulsed DCMS and HiPIMS depositions were carried out at the same average power an O 2 flow of ~6 sccm was needed to poison the target in the case of pulsed DCMS while only ~3 sccm was needed in HiPIMS. Films were deposited at working points that correspond to the transition zone between metallic and oxidic mode seeking to optimize the film growth rate. Si(100) wafers, cut into approximately 1×1 cm 2 pieces were coated by films with thicknesses smaller than 0.5 µm and used for structural characterization and compositional analysis. NiO-YSZ SOFC anodes of size up to 5×5 cm 2 were coated with films with thicknesses 0.6-1 µm and used to assess the morphological and structural features of the films. The NiO-YSZ anodes were supplied by Forschungszentrum Jülich GmbH (Germany) and were manufactured by reverse sequential tape casting of a thin anode on top of a thicker anode support and subsequently co-fired. The anode support was not optimized with respect to mechanical strength and was therefore too brittle to be used in cell testing experiments. For all depositions, the substrates were placed on a stationary substrate holder at a distance of 7 cm from the target surface and no intentional substrate heating was used. The depositions were made reactively by pulsed DCMS as well as HiPIMS. In both of
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6 the cases, an average power of 150 W was used. In the case of pulsed DCMS, the power to the cathode was applied by a pulsed DC plasma generator (ENI RPG-50) operating at a frequency of 150 kHz with 40% duty cycle. In the case of HiPIMS, the power to the cathode was applied in the form of unipolar pulses having a frequency of 500 Hz and a width of 35 μs resulting in a duty cycle of 1.75%. The power was supplied by a pulsing unit (SPIK 1000A, Melec) fed by an MDX 1K direct current generator (Advanced Energy) operated in constant power mode. The timedependent discharge voltage and discharge current were monitored on a Tektronix TDS 520C
oscilloscope. During the depositions, the energy of the depositing flux was tuned by applying a negative pulsed bias potential to the substrate using a pulsing unit (home-design) operating at a frequency of 200 kHz. The range of the substrate bias potential was chosen, in steps of 25V, from -75 V to floating potential (no bias). In order to achieve comparable film thicknesses for characterization purposes, deposition times were adjusted to account for the lower deposition rates obtained as the bias voltage was increased and when HiPIMS was employed.
The crystalline phases and texture of the deposited films were determined by means of x-ray diffractometry (XRD). Measurements were performed in Bragg-Brentano (θ-2θ) with a Bruker D8 Discover diffractometer using CuKα radiation. Pole figures were acquired in the tilt-angle (χ) range 0-84° and the azimuth-angle (φ) range 0-360° with steps of 3 ° using a PANalytical Empyrean diffractometer. Scanning electron microscopy (SEM) was used to determine the film morphology as well as film thickness. SEM imaging was performed with a Nova 600 nanoSEM from FEI and a Zeiss EVO LS25. Both systems were equipped with an energy dispersion x-ray spectroscopy (EDX) module which was used to determine the film composition. The latter was also studied by means of Rutherford backscattering spectroscopy (RBS) using a 2 MeV 4 He + ion
beam from a Van de Graff accelerator and a scattering angle of 161°. The experimental RBS data were simulated with the SIMNRA software [23] . RBS was used to assess the global composition
of the thin films. However, as the atomic mass of zirconium and yttrium are close they cannot be discriminated by RBS. EDX was therefore applied to estimate the ratio Zr and Y content. The Zr/Y ratio was then used to calculate the atomic composition based on the RBS measurement.
Due to overlapping ZrL and YL lines in the EDX spectrum a calibration first needed to be done by performing EDX measurements on the applied sputtering target with a known composition. ° is a diffractometer related artifact. For films deposited by pulsed DCMS (Fig. 1.c) both the 111 and 220 peaks are visible at bias voltages below -75 V showing these films to have a mixed <111> and <220> texture whereas the film grown at -75 V bias is seen to be strongly <220> textured as the 220 peak dominates the diffractogram.
Results and discussion
In contrast to the DC plasma, the HiPIMS plasma is characterized by a high electron density with substantial fraction of electrons having energies between 4 and 8 eV [24] . It has been shown that
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8 the electron mean energies and plasma density can differ significantly when going from nonreactive to reactive HIPIMS [25] . Nonetheless, it is still likely that relatively high electron energies and densities can promote not only ionization of sputtered species but also dissociation of molecular O 2 (the dissociation energy of O 2 is 5.2 eV [26] ). This implies that a relatively large part of the reactive oxygen will be atomic during HiPIMS deposition. As described by Mahieu et al. [27, 28] the fastest growing direction under these conditions is [220] which will result in <220> texture as seen in Fig. 1 .a. The increase in intensity of the 220 peak observed at -25 V bias compared to the film deposited at floating potential may be a result of increased ad-atom mobility due to the increased ion bombardment of positively charged particles, resulting in larger crystallites. Further increase in negative bias voltage is seen to decrease peak intensity and texturing which can be related to the increased energy of the bombarding ions becoming great enough to disrupt crystallite growth and cause repeated nucleation and a low degree of crystallinity [29] . This is in qualitative agreement with previous results reported by Alami et al. [22] for CrN films grown by HiPIMS.
Looking at Fig. 1 .c., a trend is seen as substrate bias is increased from -25 V to -75 V, the degree of <220> orientation increases as well. However, it is unlikely that increased bias would change the reactive oxygen from the molecular to the atomic state which promotes (220) texture as described by Mahieu et al. [27, 28] . However, it has previously been shown that ion bombardment promotes <111> or <220> texture or a mixture thereof as planes in all other directions have higher etch rates and are successfully eliminated by the shadowing process during the growth of the columns [30] . It should be noted that for films deposited on NiO-YSZ substrates an overall texturing is not to be expected as YSZ films previously have been seen to grow epitaxial on the individual grains in the substrate [31] . Therefore, films grown on the two different substrates are not directly comparable. However, studies of films grown on Si do reveal trends in the influence
9 of deposition parameters on film growth conditions and microstructure which are likely also to be true when depositing on Ni-YSZ.
The chemical composition of the HiPIMS deposited films and some pulsed DCMS deposited films have been determined by RBS and EDX. Table I Columnar growth can be interrupted when energetic bombardment disrupts crystal growth on the surface of individual grains followed by repeated nucleation. HiPIMS is characterized by a high degree of ionization of the species involved in the deposition process, which are drawn to the substrate by the applied bias. As a result the columnar structure can be suppressed (Fig. 3.b-d ). It has previously been shown that a columnar structure has a negative effect on the gas-tightness of the YSZ layers [20] and thereby also on the performance of the SOFC. Figure 4 shows SEM images of film surfaces of the YSZ films deposited by pulsed DCMS on NiO-YSZ substrates. The surface topography of the films replicates the shape of the underlying substrate NiO and YSZ grains. At floating potential (Fig 4.a) the continuity of the film is poor and cracks and voids are visible at the boundaries formed due to the morphology of the underlying substrate. By applying a substrate bias in the range -25 V to -75 V the concentration of voids is decreased (Fig. 4.b-4 .d) but cannot be completely removed. Figure 5 shows the surfaces of films deposited by HiPIMS on NiO-YSZ substrates at different bias voltages. In the film grown at floating potential ( Fig. 5 .a) voids appear to be present as is the case when depositing by pulsed DCMS (Fig. 4) . By applying a substrate bias films without voids are achieved ( Fig. 5.b and c) . The thin film deposited at -75 V bias ( Fig. 5.d) shows the fine grained, homogeneous microstructure also observed in the cross-section SEM micrograph (Fig 3.d) .
Adhesion problems are also observed in this sample as the film delaminates in some areas as shown in the inset. The observed fine grained, homogenous microstructure and poor adhesion may be due to the energetic ion bombardment which both strongly disturbs the nucleation and growth process and induces high stresses. Similar microstructure of YSZ has previously been reported in films prepared by pulsed DCMS at high substrate bias voltage [20] . Comparing crosssectional and surface SEM micrographs of the films deposited by HiPIMS ( Fig. 3 and 5) there is a window of operation at a bias voltage between -25 V and -50 V in which it is possible to deposit non-columnar thin films without voids and cracks that may be suitable for SOFC application. In contrast Fig. 2 and 4 show all films deposited by pulsed DCMS to be columnar and contain voids.
Conclusions
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Cubic Yttria-stabilized zirconia (YSZ) thin films were deposited by reactive magnetron sputtering in both HiPIMS and pulsed DCMS mode. The thin films were deposited on Si(100) as well as NiO-YSZ fuel cell anodes. In both modes of deposition the influence of substrate bias voltage on film texture, morphology and composition of the deposited films were investigated.
Independent of the deposition mode the deposited films were found to be stoichiometric. When depositing by pulsed DCMS on Si(100) the application of -75 V substrate bias results in strongly <220> textured films whereas bias voltages of -50 V or lower result in mixed <111> and <220> 
